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Outline

Y« Motivations

v~ Different phases of QCD occur in the universe

v QCD simplifies in extreme environments

v~ The behaviors of different matter can be similar at the regime of tran-
sition

4 QCD like theories

I Phase diagram in the plane of g — vy
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Why Electromagnetic Fields

Heavy ion collisions create the strongest magnetic fields in the Laboratory:.

Different excited freedoms at different environments
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Magnetic Catalysis at Zero Temperature

Linear dependence of chiral condensate for large B: c.f. (V. P. Gusynin, V. A.
Miransky, and I. A. Shovkovy, Phys. Rev. D 52, 4747)
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Lattice data. c.f. (Bali et al., JHEP 1202, 044)
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The QCD phase diagram in the T — B plane

Low energy effective models of QCD predict(ed) an increasing critical tem-
perature T, (B), but

I I universe
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T, investigated as a function of magnetic field. c.f. (Bali et al., JHEP 1202, 044)
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Propagators at Constant Magnetic fields

¢ spin-0 c.f. (A. Erdas and G. Feldman, Nucl. Phys. B 343, 597)
©  ds tan(eBs)
Dk) = | ——— B + k' — m*
(b /o cos(eBs) oA [13 < i eBs m >}
where k, = (ky,0,0, ks) and k; = (0, kq, ky, 0).
¢ spin—% c.f. (J. Schwinger, Phys. Rev. 82, 664)
ST <k2 2 tan(ng) m2> - k.
k _ o eDs ' — e 373 -
Slk) /0 cos(eBs) e m + ki) e " COS(GBS)}
¢ spin-1 c.f. (A. Erdas and G. Feldman, Nucl. Phys. B 343, 597)
>~ ds <k2 42 lanleBs) m2> sin(2eBs)
GM(p) = e eBs proo =l pvo - pv 2¢B
b= e PSR gt g costoens)

where g/'" = diag(+1,0,0, —1); g’ = diag(0, —1, —1,0) and F*" is the electromag-
netic field tensor. 3 different tensor structures !
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Landau Levels

¢ Another expression of fermion propagator in the B

field:

$(k) = iexp

_ﬁ} y__(U"DuleB.k E(py)
eB k2 — k2 — M? — %2neB

n=0

¢ Free energy spectrum

il

ES (k) = /(20 + 255 + 1)]eB] + & + m?
where s3 is the projection of the spin on the B field

P3

and n = 0,1, 2, ... is the orbital quantum number.

¢ Lowest Landau Level assumption of fermions in
3-direction while B — o0

i
4N

Ey* ' (ks) = |k

O Is the effective mass of fermions able to treat as

m?g = m? + 2neB at n-th level ?
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= yy, 1T = e ey, Yy’ = T

A A W A A

170 Vi 10 er 170 Aﬁ:
Anomalous loop diagrams in two flavor QCD

When Tr[ys...] +# 0, the pion o
condensates are allowed due to
the odd parity domain being
created. cf  (G. Cao and X
G. Huang, Phys. Lett. B, 757, 1
(2016).)

condensate/GeV
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Equivalent Replacement

How to get a quick physics answer in phenomena?

= As one of candidate to explain the inverse magnetic catalysis, QCD
phase transition has been intensively studied at finite chiral chemical poten-
tial p5. c.f. (JC, P. Chu and M. Huang, Phys. Rev. D, 88, 054009 (2013).)

Indeed, nonzero ns inducing in electromagnetic field is expressed by: cf. (K.
Fukushima, D. E. Kharzeev and H. J. Warringa, Phys. Rev. D 78, 074033 (2008) )

9
Oy <7g>ﬂ B 1gﬁ2 P FapFypy - tr [TSQQJ

where I is the electromagnetic field strength.

[t turns out vs¥ypysT3¥ is added into the Lagrangian because of the
coupling of quarks to electromagnetism, i.e., electromagnetic anomaly:.
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Fermion-Sign Problem

Dlp) = D+ m — yp
75 D7) 5 = D(—p*) = det D) = (det D(—p*))"

Some QCD-like theories (two-color QCD or finite isospin QCD) free of the
sign problem, where the analytic continuation can be compared with Monte
Carlo determinations obtained directly at real chemical potentials

¢ Dirac operator has anti-unitary symmetry
[T,D(p)] = 0= U~'D(p)U = D(p)l T* = (UK)* = =1
two-color QCD D(n) t,Cy5 = t,CysD(p)*

¢ QCD with g
finite isospin QCD det D(p1y) - det D(—p;) = |det D(p)[?
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QCD-like Theory in N, = 2

The global symmetries of the SU(N¢) flavor space can be extended to SU(2Ny)

v- (8], v (e

at N, = 2 since it allows to rotate Ibg into ¥, where ¥p = — itoC¥p and C
is the complex conjugate operator in spinor space.

¢ Symmetry is established by the connection between quarks and antiquarks

¢ Color-neutral bound states of two quarks, bosonic baryons
mesons and scalar diquarks become degenerate!

¢ Similar phase diagram as for N.=3
pion and diquark condensation at finite py and pg, respectively
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SU(4) Group

[t has 10 symmetric and 5 anti-symmetric generators:

Gy = <Ta OT>, fora = 0,1,2,%;

B 20v/2 \ 0 —1;
1 0 B >
S = ——= @), fora=4,..9
N2 <BZ 0

with B(4,5) = i(O'l)TQ, B(6'7) = i(O’l)Tg and B(glg) = '(0’1)’[1.

1 T 0 . )
XI—Q—\/§<O T.T>’ fOI'l—-].,Q,S,

l

1 0 D .
Xi——<D7“ O>, fOI‘l—lt,'C—)

|

with D(4'5)
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Patterns of symmetry breaking

my

vfmass = 0

(W' it,CEY — ¥*ityCE, V™)

. 0 To
b= <—T0 0>

obey the relation Sg E, + E,S, = 0 for S* € Sp(2)

The mass operator

SU(4) — Sp(2) atm + 0

The chemical potential g1 is introduce by p¥7By¥ via the Lyin = \PTiO”DH‘P

0
By = —nks = <BO _T0>

breaks
SU(4) — SUL(2) x SUR(2) atp 0
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Incorporating External Fields in ChPT

¢ Including external gauge fields in QCD
Ly = VDY + vrDrir

(Dp)p = 0y +ig Ay, +1iL, (Dg)y = 0, + ig Ay, + iR,
Covariant derivative is required to compensate the gauge transformation
of ¥, — Lix), and Ppr — Rlx)vp

¢ Incorporate external gauge fields in ChPT

Y — L{x)ZR/(x)
D% = 8,X + iL,¥ — iXR]

Bilinear fields X are modified to keep local invariance after transformation
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Chiral Lagrangian and Its Predictions

The isospin density, v hyoTs¥, is written as v VI)¥ with Iy = Diag(ts, —13).
Applying the gauge transformation

V- VY, V=exp(i0'X;)
The Lagrangian term of leading order in ChPT is shown as

2
Leer = 0T (D,8) (D,5) —eTr(xT + %),

The isospin baryon current is embedded in 71+ mesons
Lypr = L, ~ Tr|T30, X [ZT, —T5V| ~ + 7Ty (TgZTgZT) ,

one has [X;, Iy] # 0 fori =1,2.
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Chiral Lagrangian and Its Predictions, cont

Similarly, one has [X;, By] becoming nonzero for i = 4,5 and

Lypr = Laar ~ Tr{wop, THET, —top} ~ —p”Tr (EX7)
The different commutation bracket is corresponding to different composition

[t predicts that (qq) + 0 and (qq) # 0 for p > 5.

VsyoYsTsY is expressed as vV with Is = 95l = Diag(ts, T3) where
| Xi, Is] £ 0fori=1,2,4,5and [Sy, I5] + 0 fora =1,2,8,9. Therefore,

cfoT = cfﬂi ~ TF[T?)”& Z’] [ZT: T3”l)5] ~ —ngf <T32T32T>

Lypr = Lad ~ TI‘{TSU& Z} {ZT, T3”l)5} ~ +v§Tr <T32T327)

Diquarks are energy favored and Sp(2) reduce to O(4) at high baryon density
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NJL Model at N. = 2 w.r.t. Diquarks

In terms of Nambu-Gorkov bispinors

1 q > Ny L
_— (9} wv=_—"1{g q%C),
¥ 7 <CqT Y 7 (@.9°C)
v = pf —ph = ph -l = (PP + viul)
T; sector locates in the flavor symmetric channel and spin direction of s =
1,5, = 0 is selected due to the Pauli principle.
Lrgr = ¥ (i7", + pyo + 5707575 — Mo) ¥ + Lgg + Log
G- 2 NS~ SAY
Lo = 5 |09 + (Bis7e)’]

Lqq = g(lpi%TQfQCIPT)(lPTCi75T2f2¢) - g(IP%TifQClPT)WTCCYSTN‘QW
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Energy Dispersion

Applying 715 = —S(ViysTs), A = —5 (¥ iyt CY), A* =
_%<¢i75T2t2C¢T>; d = —%<¢T73T1f26¢> and d* = —%<IM/3T1Z‘2C§DT>7

1 72 + |A]? + |d]?
=§¢51(P}7T3,A,d)¢— 5 I I II

4G
Here, the inverse propagator of fermion is
S~1p) = <LD — M + yop + Y0573 YsToA + y5Tud >
— Y5 ToA" — ysyd” p—M" — nop + %7555

The energy dispersion in the chiral limit with 75 = A = A* = 0 for real d

Ei(p) = J_r\/d2 +p? + (1 = vp)” & 2\/d2p§ +p2 (1 £ 5)°.
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Phase Diagram in QQCoD

N
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Phase diagram of two-color QCD within two fundamental quarks in the g — v5 plane. It contains four
different states: superfluid pion 73, condenses of scalar diquark A and axial vector diquark d and a mixed

state composed by 715 and A. c.f. (JC, arXiv:1808.01928)
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Results at Finite Temperature (I)

0.40 _W
0.35 -
0.30 - —=—Aatp=0.2,v;=0.15
0.25 1 —e datp=0.25,v.=0.3
S —4datp=0.3,v;=0.4
O 0.20 -
0.15 -
0.10 -
000 T 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 !
0.02 0.04 006 0.08 010 0.12 0.14 0.16 0.18

T (GeV)

Scalar diquark condensate A and axial vector diquark d as a tfunction of T
at given 1 and v5. The units of 1 and T are GeV. cf (JC, arXiv:1808.01928)
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Results at Finite Temperature (II)
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Neutral pion condensate 513, scalar diquark condensate A and axial vector
diquark d as a function of v5 at given g and T. The units of g and T are

GeV.

c.f. (JC, arXiv:1808.01928)
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Constraints in Hybrid Star from Modern Cooling Data

Emission of neutrino processed is applied in quark matter for cooling the star

¢ All quarks need to be paired
¢ The smallest gaps should be in the range 10 ~ 100 keV

¢ The smallest gaps should have a decreasing density dependence in the
relevant domain of e < 1 < 0.5GeV

c.f. (H. Grigorian, D. Blaschke and D. Voskresensky, Phys. Rev. C 71, 045801)
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Fitted Cooling Behaviors at N. = 3

A linear combination of colors, Ag—g57 locking with spin, (Cyi_193), it re-
mains an unbroken global SO(3) of mixture and the gap is isotropic
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The decreasing gap of spin one diquark d in the range of p € (0.35,0.5) GeV
for v5 = 0.25 4 0.025 GeV. c.f. (JC and C. Zhou, Preliminary)
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Summary

4 Explore the new phases for QCD matter after turning on E - B.
I Take home message: the possible cooling mechanism in neutron stars.

4 Include Polyakov loop dynamics.

Thank You for Your Attention!
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